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Radioprotective Effects of Bmi-1 Involve Epigenetic
Silencing of Oxidase Genes and Enhanced DNA
Repair in Normal Human Keratinocytes
Qinghua Dong1,5, Ju-Eun Oh1,5, Wei Chen1, Roy Kim1, Reuben H. Kim1,2,3, Ki-Hyuk Shin1,2,3,
William H. McBride3,4, No-Hee Park1,2,3,4 and Mo K. Kang1,2,3
Normal human keratinocytes (NHKs) undergo premature senescence following exposure to ionizing radiation
(IR). This study investigates the effect of Bmi-1, a polycomb group protein, on radiation-induced senescence
response. When exposed to IR, NHK transduced with Bmi-1 (NHK/Bmi-1) showed reduced senescent
phenotype and enhanced proliferation compared with control cells (NHK/B0). To investigate the underlying
mechanism, we determined the production of reactive oxygen species (ROS), expression of ROS-generating
enzymes, and DNA repair activities in cells. ROS level was increased upon irradiation but notably reduced by
Bmi-1 transduction. Irradiation led to strong induction of oxidase genes, e.g., Lpo (lactoperoxidase), p22-phox,
p47-phox, and Gp91, in NHK/B0 but their expression was almost completely silenced in NHK/Bmi-1. Induction of
oxidase genes upon irradiation was linked with loss of trimethylated histone 3 at lysine 27 (H3K27Me3), but
NHK/Bmi-1 expressed a higher level of H3K27Me3 compared with NHK/B0. Bmi-1 transduction suppressed
IR-associated induction of jumanji domain containing 3 while enhancing the expression of EZH2, thereby
preventing the loss of H3K27Me3 in the irradiated cells. Furthermore, NHK/Bmi-1 demonstrated increased repair
of IR-induced DNA damage compared with NHK/B0. These results indicate that Bmi-1 elicits radioprotective
effects on NHK by mitigating the genotoxicity of IR through epigenetic mechanisms.
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INTRODUCTION
Ionizing radiation (IR) elicits genotoxic stress by triggering
production of reactive oxygen species (ROS) and a wide array
of DNA lesions, including double-strand breaks (DSBs;
Cromie et al., 2001; Cadet et al., 2004). DSBs activate the
DNA damage response (DDR) through ataxia telangiectasia-
mutated protein and its target proteins, such as p53 and Chk2
(Nojima, 2006; Shiloh, 2006). The p53 phosphorylation
at Ser15/20 or Chk2 phosphorylation at Thr68 are markers
of ataxia telangiectasia-mutated-dependent DDR (Saito et al.,
2002; Zhao et al., 2008). The outcome of the response to IR
varies with cell type. It may predominantly involve apoptosis,
as observed in hematopoietic cells (Ross, 1999), or senes-
cence in cells of epithelial origin (Suzuki et al., 2001).
Senescence can occur naturally through a telomere length-
dependent pathway after replicative exhaustion (Itahana
et al., 2004), or can result from stress-induced premature
senescence (SIPS), caused by acute or cumulative exposure to
external factors such as radiation (Meng et al., 2003).
Bmi-1, a polycomb group (PcG) protein, can extend the
lifespan of normal human keratinocytes (NHKs) by suppres-
sing subculture-induced SIPS (Kim et al., 2007). Bmi-1 is
important for the self-renewal of stem cells. Bone marrow
cells derived from Bmi-1/ mice only transiently reconsti-
tuted hematopoiesis in the host mice, and there was no
detectable self-renewal of adult hematopoietic stem cells
(Park et al., 2003). A new role of Bmi-1 in mitochondrial
function was reported, suggesting that Bmi-1 directly
regulates the oxidative stress levels by suppressing the
expression of nicotinamide adenine dinucleotide phosphate
oxidase (Nox) genes (Liu et al., 2009). This study investigated
the role of Bmi-1 in mitigating the genotoxic effect of IR and
protection of NHK from IR-induced SIPS. Irradiation of NHK
led to phenotypic alterations resembling SIPS. Ectopic Bmi-1
expression notably reduced the occurrence of SIPS and
enhanced the clonogenic ability of cells after irradiation.
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IR exposure induced the expression of Nox genes, which
remained silenced in the cells transduced with Bmi-1. This
effect appeared to result from the altered expression of
jumanji domain containing 3 (JMJD3), a histone demethylase,
and EZH2, a PcG protein and histone methyltransferase.
Furthermore, Bmi-1 transduction led to enhanced repair of
DNA damaged by irradiation. These results indicate that Bmi-
1 elicits radioprotective effects by mitigating the genotoxic
effects of IR through epigenetic mechanisms.
RESULTS
Bmi-1 inhibits senescence and cell death in NHK exposed to IR
NHK transduced with Bmi-1 (NHK/Bmi-1) were exposed
to 5Gy IR along with the control cells, NHK/B0. Irradiation
of NHK/B0 led to replication arrest and induction of SIPS, as
indicated by senescence-associated b-galactosidase activity,
which is associated with cellular senescence (Dimri et al.,
1995; Figure 1a). Increase of senescence-associated
b-galactosidase activity was noted at 2–4 days after irradia-
tion and progressed beyond 10 days, after which the cells
became non-replicative (Figure 1b; Supplement Figure S1a
online). Senescence-associated b-galactosidase activity
was notably suppressed in NHK/Bmi-1 cells, even at 10Gy
(Figure 1a, Supplement Figure S1 online). These cells main-
tained active cell proliferation beyond 8 weeks after irradiation
and retained the side population as assessed by the Hoechst
dye efflux assay, reflecting a regenerative cell population
(Goodell, 2005) (Supplement Figure S1c-d online).
Radiation response of NHK/B0 and NHK/Bmi-1 cells was
compared by clonogenic assay. The cells expressing exogen-
ous Bmi-1 demonstrated higher clonogenic ability than did
controls (Figure 1c). Furthermore, g-irradiation of the three-
dimensional tissue reconstructs led to degenerative effects on
the epithelial sheath prepared from NHK/B0, including
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Figure 1. Exogenous Bmi-1 expression suppresses ionizing radiation (IR)-induced stress-induced premature senescence in normal human keratinocytes
(NHKs). (a) NHK/B0 and NHK/Bmi-1 (strain EK08-5) were exposed to 5Gy. At 0 day or 6 days after irradiation, the cells were stained for senescence-associated
b-galactosidase (SA-b-Gal). At 14 days after irradiation, a phase-contrast micrograph was taken from live cultures. Bar¼ 100mm. (b) The cells (strain EK10-4)
were exposed to 5Gy IR and stained for SA b-Gal. Error bars, SD. (c) Clonogenic assay was performed with four different strains of NHK at varying IR doses.
Error bars, SD. (d) Organotypic cultures were exposed to 5Gy IR at the time of airlifting and maintained for an additional 7 days before harvesting. The samples
were histologically examined after hematoxylin and eosin (H&E) staining or immunoperoxidase (IPS) staining for proliferating cell nuclear antigen (PCNA).
Arrows, atrophic epithelium. Bar¼100 mm.
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epithelial atrophy, impaired epithelial stratification, and loss
of proliferating basal cells (Figure 1d). These degenerative
changes were not evident in the three-dimensional cultures
prepared with NHK/Bmi-1, which maintained intact epithe-
lial stratification and proliferating basal cells that express
proliferating cell nuclear antigen.
As cell death by apoptosis or necrosis may occur following
radiation (Ross, 1999), we assessed the cell death character-
istics in irradiated NHK. The percentage of non-viable
NHK/B0 increased slightly after 5 days of irradiation
compared with the untreated cells, whereas NHK/Bmi-1
showed even lower cell death response (Figure 2a).
In contrast, Jurkat cells derived from T-cell leukemia
(Schneider et al, 1997) showed a strong apoptotic response
by day 5. Western blotting for cleaved poly-ADP-ribose
polymerase, a substrate of active caspase 3 (Decker et al.,
2000), indicated a lack of apoptotic response in NHK
or normal human fibroblasts, whereas Jurkat cells revealed
marked poly-ADP-ribose polymerase cleavage (Figure 2b).
These data demonstrate that IR-induced cell death
response is weak and may predominantly involve necrotic
cell death in NHK.
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Figure 2. Bmi-1 reduces ionizing radiation (IR)-induced cell death in normal human keratinocytes (NHKs). (a) NHK/B0 and NHK/Bmi-1 (strain OK07-1)
cells were exposed to 0 or 5Gy. At 2 or 5 days after irradiation, the cells were analyzed by flow cytometry using annexin-V/propidium iodide (PI) staining
to discriminate the live cells (annexin-V/PI), dying or early apoptotic cells (annexin-Vþ /PI), necrotic or late apoptotic cells (annexin-Vþ /PIþ ),
and dead cells (annexin-V/PIþ ). Jurkat cells were used as a positive control for apoptosis after irradiation at 5Gy. (b) Cleaved poly-ADP-ribose polymerase
(PARP) expression was assessed by western blotting. Whole-cell extract from normal human fibroblast (NHF), NHK/B0, NHK/Bmi-1 (strain EK08-5), and Jurkat
cells after exposure to 5Gy were isolated and fractionated by SDS-PAGE. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and b-actin were included
as loading controls. FITC, fluorescein isothiocyanate.
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Bmi-1 represses the induction of oxidase genes in irradiated
NHK by enhancing H3K27 trimethylation
To explore the mechanisms underlying the radioprotective
effect of Bmi-1, we first tested whether Bmi-1 interfered with
DDR. NHK/B0 and NHK/Bmi-1 cells were exposed to 5Gy and
harvested to determine the status of p53 activation. The kinetics
of IR-induced p53 phosphorylation (Ser15/20), reflecting the
ataxia telangiectasia-mutated-dependent DDR (Nojima, 2006;
Shiloh, 2006), were not altered by Bmi-1 transduction
(Supplement Figure S2a-b online). Likewise, Chk2 phosphor-
ylation at Thr68, also mediated by ataxia telangiectasia mutated
(Buscemi et al., 2004), was similar in both cell types.
Exposure of cells to IR led to increased production of
intracellular ROS in a time-dependent manner, with a
substantial level of increase occurring at 4 days after
irradiation (Figure 3a). Other experiments revealed a small
(o15%) increase of ROS level when measured at 1 hour after
irradiation at 5Gy (data not shown), suggesting that
IR-induced ROS accumulation is a delayed event. Increase
of ROS production upon irradiation was notably reduced
in NHK/Bmi-1 cells compared with NHK/B0. We then
compared the messenger RNA levels of several enzymes
involved in ROS production, including lactoperoxidase (Lpo),
Nox genes (Nox, Phox, and Duox), cytochrome P450, and
arachidonate lipoxygenases (Alox5 and Alox15) (Geiszt et al.,
2003; Kim et al., 2008), by reverse transcription quantitative
PCR (qPCR). Lpo, Alox15 and Alox5, and various subunits
of Nox, (Nox1, Noxo1, Nox4, p22-phox, and p47-phox) were
significantly induced in NHK/B0 cells but not in NHK/Bmi-1
cells (Figure 3b–c; Supplement Figure S3 online).
Gene silencing activities of the PcG proteins, including
Bmi-1, is associated with trimethylation of H3K27
(H3K27Me3; trimethylated histone 3 at lysine 27; Kallin
et al., 2009). In the following experiment, we determined the
effect of Bmi-1 on trimethylation of H3K27 at the oxidase
gene promoters before and after irradiation. NHK/B0 or
NHK/Bmi-1 cells were exposed to 5Gy IR, and chromatin
immunoprecipitation (ChIP) analyses were performed by
qPCR at two different locations of distal (0.9 to 1.4 kb)
or proximal (0.1 to 0.4 kb) promoter regions (Figure 4).
Association of Bmi-1 with the promoter sites was enhanced
in NHK/Bmi-1 compared with NHK/B0 before and after
irradiation. Also, the H3K27Me3 level present on the
promoters was reduced by irradiation in both NHK/B0
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Figure 3. Bmi-1 inhibits the reactive oxygen species (ROS) generation induced by ionizing radiation (IR). (a) NHK/B0 and NHK/Bmi-1 (strain EK08-5) were
exposed to 5Gy IR and stained for the intracellular ROS using CM-H2DCFDA, a fluorescent marker of ROS. Fluorescence intensity was measured by flow
cytometry in individual cells and plotted. (b) NHK/B0 and NHK/Bmi-1 cells (strain EK10-4) were exposed to 5Gy IR, and total RNA was harvested at 3 days
after irradiation. The messenger RNA (mRNA) levels of Gp91, Lpo (lactoperoxidase), p47, p22, Nox4, Nox1, Noxo1, and Bmi-1 were measured by reverse
transcription (RT)-qPCR and normalized against glyceraldehyde-3-phosphate dehydrogenase. (c) NHK/B0 and NHK/Bmi-1 (strain EK08-5) were irradiated
at 5Gy IR, and the mRNA levels of Noxo1, Alox15, Lpo, and p47-phox were measured by RT-qPCR at different time points after irradiation. Error bars, SD.
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and NHK/Bmi-1 cells, but Bmi-1 transduction lowered the
extent to which H3K27Me3 level was lost because of
irradiation. Taken together, these data suggest that Bmi-1
mitigates the oxidative effects of IR by maintaining the
repressive histone mark on the oxidase gene promoters,
thereby reducing the level of enzyme-linked ROS generation
in irradiated cells.
Bmi-1 suppresses the induction of JMJD3 in irradiated NHK
H3K27 trimethylation is maintained by EZH2, a PcG protein
and a methyltransferase specific for H3K27, and may be
lost by the specific demethylase JMJD3 (Margueron et al.,
2008; Agger et al., 2009). In NHK, Bmi-1 and EZH2 levels
decreased in a time-dependent manner after 5Gy IR
(Figure 5a). These changes correlated closely with the loss
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of H3K27Me3 level in cells, whereas the monoubiquitinated
H2A (K119) level remained unchanged. Irradiation of
NHK/B0 led to induction of p16INK4A but its expression was
strongly suppressed in NHK/Bmi-1 even after irradiation
(Figure 5b). Similarly, expression of p21WAF1, a universal cell
cycle inhibitor, was suppressed by Bmi-1 transduction after
irradiation (data not shown). JMJD3 is also induced in
irradiated NHK/B0, whereas its induction was suppressed in
NHK/Bmi-1 (Figure 5c). We confirmed induction of p47 and
Lpo in NHK/B0 on irradiation, but such induction was not
evident in NHK/Bmi-1, in parallel with the reverse transcrip-
tion qPCR data (Figure 3). Intriguingly, exogenous Bmi-1
allowed recovery of endogenous EZH2 protein levels by
10 days after irradiation, whereas EZH2 expression appeared
to be permanently lost in irradiated NHK/B0 (Figure 5c).
Bmi-1 strongly enhanced the expression of EZH2 in replicating
NHK during serial subculture (Supplement Figure S2c online).
As a consequence, H3K27Me3 levels in NHK/Bmi-1 were
enhanced compared with those of NHK/B0, which showed
time-dependent reduction after irradiation. These data suggest
that Bmi-1 may enhance the radioresistance of NHK by
regulating the proteins involved in the PcG epigenetic pathway,
most notably JMJD3 and EZH2.
Bmi-1 enhances DNA end joining and DNA DSB repair
in NHK exposed to IR
As cell survival through radiation exposure can be directly
linked with DNA repair (Chang et al., 2005), we investigated
whether Bmi-1 affected DNA end joining and DSB repair
in NHK. DNA end joining was assessed using plasmid
linearized with EcoRI and EcoRV. DNA end-joining effi-
ciency was enhanced in NHK/Bmi-1 compared with that of
NHK/B0 (Figure 6a). We performed neutral comet assay in
cells exposed to 5Gy IR at 5 and 12 hours after irradiation.
DNA DSB was induced in both cell types on irradiation, but
NHK/Bmi-1 cells demonstrated repair of DSB by 12 hours
after irradiation, whereas the control cells did not (Figure 6b).
Similarly, pulse-field gel electrophoresis (PFGE) assay
of whole irradiated cells demonstrated enhanced kinetics of
chromosomal DSB repair in vivo by Bmi-1 transduction
(Supplement Figure S4 online). NHK/B0 and NHK/Bmi-1
cells were exposed to 5Gy IR and stained for g-H2AX foci,
which co-localize with DSB in situ (Nakamura et al., 2006) at
2 and 5 days after irradiation (Figure 6c–d). Irradiation caused
a notable increase in g-H2AX foci formation in NHK/B0,
whereas NHK/Bmi-1 showed a markedly reduced level.
These data indicate that Bmi-1 mitigates the genotoxic effects
of IR by enhancing repair of damaged DNA.
DISCUSSION
This study shows that SIPS rather than cell death is the
primary cellular response of human keratinocytes to IR, and
that Bmi-1 protects these cells against radiation-induced SIPS.
Transduction of exogenous Bmi-1 in rapidly proliferating
NHK demonstrated enhanced cell proliferation, clonogeni-
city, and DSB repair in irradiated cells. The radioprotective
effect was confirmed in three-dimensional tissue reconstructs,
in which Bmi-1 transduction preserved epithelial cell proli-
feration and epithelial structural integrity after IR. Mechan-
isms underlying the radioprotective effect of Bmi-1 do not
involve abrogation of DDR. Rather, Bmi-1 effectively
reduced immediate and delayed genotoxicity of IR. It is
noted that initial DNA damage by irradiation involves DSBs
and non-DSB oxidatively clustered DNA lesions (Hada and
Georgakilas, 2008), whereas delayed accumulation of
enzymatically generated ROS would lead to single-strand
breaks with oxidatively generated base modification (Cadet
et al., 2008). Both comet and PFGE assays illustrated efficient
repair of IR-induced DNA DSBs in NHK/Bmi-1 within a
24-hour period after irradiation. The level of g-H2AX foci
formation was also reduced in NHK/Bmi-1 at 2 and 5 days
after irradiation. ROS production was decreased at the basal
level after irradiation in NHK/Bmi-1 compared with the
control; this may have resulted from the silencing of various
oxidase enzymes by Bmi-1 transduction. A notable increase
of ROS production in the irradiated cells occurred at 4 days
after irradiation, suggesting enzyme-linked production,
whereas direct radiolysis of water molecules constitutes a
relatively smaller portion of ROS generated by irradiation.
NHKs undergo SIPS following IR exposure with a low level
of cell death, which appears to involve primarily necrotic cell
death in the absence of apoptosis. Normal human fibroblast
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Figure 5. Bmi-1 suppresses induction of jumanji domain containing 3 (JMJD3) and enhances EZH2 expression in normal human keratinocytes (NHKs)
exposed to ionizing radiation (IR). (a) Western blotting was performed with whole-cell extract of NHK exposed to 5Gy IR and harvested after varying time
points as indicated. Protein levels of Bmi-1, EZH2, trimethylated histone 3 at lysine 27 (H3K27Me3), and uH2AK119 were detected using the appropriate
antibodies. (b) NHK/B0 and NHK/Bmi-1 (strain EK09-1) were exposed to 5Gy IR and harvested at varying times. Western blotting was performed for Bmi-1 and
p16INK4A. (c) Western blotting was performed for JMJD3, EZH2, p47, Lpo (lactoperoxidase), and H3K27Me3 in NHK/B0 and NHK/Bmi-1 cells (strain
EK10-4) at varying times after IR exposure (5Gy). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control. d, days; Lpo,
lactoperoxidase.
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also showed no evidence of apoptosis on irradiation. Hence,
apoptosis does not appear to be a common radiation
response in these cells, whereas it is rampantly induced
in hematologic cells. One major determinant of senescence
in epithelial cells is accumulation of p16INK4A, which was
observed in NHK by irradiation but strongly suppressed in
NHK/Bmi-1 cells. Bmi-1 forms the epigenetic complex
throughout the INK4A-ARF locus, thereby causing transcrip-
tional silencing (Bracken et al., 2007). Bmi-1 also maintained
transcriptional repression of the oxidase genes after irradia-
tion. Recent studies showed that Nox genes have critical roles
in cellular responses to radiation. X-ray irradiation of HeLa
cells caused dose-dependent induction of Gp91 and mem-
brane translocation of p47 to form an active Nox enzyme
complex. The resulting ROS production contributes
to radiation-induced cell death (Liu et al., 2008). Another
study reported that UVA irradiation of human keratinocytes
activates the Nox1-based NADPH oxidase, which is the
major source of ROS in irradiated cells (Valencia and
Kochevar, 2008). Therefore, the radioprotective effects of
Bmi-1 for NHK may depend, in part, on its ability to repress
the oxidase genes. This is consistent with a recent report
showing that the basal levels of Nox gene expression and
ROS production were elevated in Bmi-1–/– mice (Liu et al.,
2009). These previous studies and our current data suggest
that the Nox genes are bona fide transcriptional targets of
Bmi-1. It is also possible that Bmi-1 regulates antioxidant
enzymes in NHK, such as catalase and superoxide dismu-
tases, leading to reduced ROS levels, as reported recently
in Bmi-1/ mice (Chatoo et al., 2009).
Bmi-1 is a component of the polycomb repressive
complex 1 (PRC1), which triggers target gene silencing
through H2AK119 monouquitination by Ring 1B (Weake
and Workman, 2008). PRC1 chromatin assembly requires
H3K27Me3 by PRC2 through EZH2 methyltransferase
activity (Lee et al., 2007). Methylation status of H3K27 is
also determined by the specific histone demethylases, UTX
and JMJD3. JMJD3 is strongly induced in cells exposed to
external stress, such as oncogenic stimuli, UV irradiation, and
bacterial challenge (De Santa et al., 2007; Agger et al., 2009).
JMJD3 induction was noted in irradiated NHK (Figure 5c), but
UTX expression was not altered by irradiation (data not
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Figure 6. Bmi-1 enhances DNA end joining and DNA double-strand break repair activities. (a) In vitro DNA end-joining assay was performed in three different
strains of normal human keratinocyte (NHK)/B0 and NHK/Bmi-1 cells. In all cases, the end joining was enhanced by Bmi-1 overexpression. (b) Neutral
comet assay was performed with NHK/B0 and NHK/Bmi-1 cells (strain EK10-4) irradiated at 5Gy. Photographs were taken at 5 and 12 hours after irradiation,
and the level of damaged DNA was quantitated by measuring the tail lengths. Error bars, SE. Bar¼ 100 mm. (c) NHK/B0 and NHK/Bmi-1 cells (strain EK08-5)
were exposed to 5Gy ionizing radiation (IR), and the percentage of cells exhibiting g-H2AX intranuclear foci were determined at 2 and 5 days after irradiation.
(d) Representative views of the g-H2AX-stained cells are shown. d, days; WB, western blotting. Bar¼100 mm.
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shown). Thus, demethylation of H3K27Me3 was primarily
mediated by JMJD3 in irradiated NHK. It is striking that Bmi-1
suppresses IR-mediated JMJD3 induction. In addition, Bmi-1
showed direct positive effects on EZH2 expression, thereby
maintaining the level of H3K27Me3 and epigenetic silencing
of its target genes. Although the mechanism remains
unknown, these results raise a possibility that Bmi-1 may
function upstream of other PcG regulators and affect gene
silencing activities of both PRC1 and PRC2.
The finding that Bmi-1 is an important determinant
of cellular radioresistance has clinical implications for both
normal and cancer cells. Targeting Bmi-1 expression in
nasopharyngeal carcinoma cells increased their susceptibility
to radiation therapy through induction of oxidative stress and
apoptosis (Alajez et al., 2009). Also, cancer stem cells
demonstrate high levels of antioxidants and enhanced
DNA DSB repair (Phillips et al., 2006). This may be linked
to the finding that cancer stem cells frequently express high
levels of Bmi-1 (Chiba et al., 2008). Therefore, Bmi-1 may
determine tumor response to radiation therapy. On the
other hand, IR can cause severe normal tissue damage in
highly proliferative organ systems such as mucosal tissues.
IR-induced oral mucositis is an inflammatory disorder and is
one of the most debilitating side effects of therapeutic
radiation. Harnessing the PcG-mediated radioprotection
may allow the development of biological radioprotectors
for normal tissues.
MATERIALS AND METHODS
Cells and cell culture methods
Primary NHK were prepared from oral mucosa or epidermal tissues,
according to methods described elsewhere (Kang et al., 2000). These
cells were maintained as monolayer in Keratinocyte Growth
Medium (Lonza, Walkersville, MD) and EpiLife (Invitrogen,
Carlsbad, CA), and were passaged at subconfluent level. Senes-
cence-associated b-galactosidase staining was performed according
to a previous report (Dimri et al., 1995). We also established three-
dimensional organotypic culture according to the methods described
by Dongari-Bagtzoglou and Kashleva (2006). These tissue recon-
structs were examined histologically by hematoxylin and eosin
staining or by immunoperoxidase staining for proliferating cell
nuclear antigen, as described previously (Kang et al., 2007).
To generate NHK/B0 and NHK/Bmi-1 cells, we prepared the
retroviral vectors expressing full-length Bmi-1 (RV-Bmi-1) or the
empty vector (RV-B0) carrying a puromycin resistance gene as
previously described (Kim et al., 2007). Primary NHK cultures were
infected with these viral vectors in the presence of 6 mgml1
polybrene (Sigma, St Louis, MO).
For the irradiation experiments, the cells were exposed to IR
at varying doses using the Mark I-30 Cesium-137 irradiator
(JL Shepherd & Assoc., San Fernando, CA) with the delivery rate of
4.86Gymin1.
Clonogenic assay was performed with the irradiated cells
seeded in 6-well plates at low density (200 cells per well) at
24 hours after irradiation. The cells were maintained in culture for an
additional 10 days to allow colony formation. Visible colonies
consisting of at least 50 cells were stained with Giemsa stain (Sigma)
and counted.
Antibodies
We used the following primary antibodies for this study: b-actin
from Santa Cruz Biotechnology (Santa Cruz, CA); PARP from BD
Pharmingen (San Diego, CA); H3K27Me3, uH2AK119, GAPDH,
EZH2, phospho-g-H2AX, and Bmi-1 from Millipore (Billerica, MA);
phospho-p53 (Ser15/20) and phospho-Chk2 (Thr68) from Cell
signaling Technology (Danvers, MA); PCNA from Calbiochem
(Gibbstown, NJ); JMJD3 from Abcam (Cambridge, MA). Horseradish
peroxidase-conjugated secondary antibodies were purchased from
Santa Cruz Biotech.
ChIP assay
ChIP assay was performed to determine the presence of H3K27Me3
and Bmi-1 on the oxidase gene promoters, using the commercial
kit (Millipore). NHK/B0 and NHK/Bmi-1 were treated with 1%
formaldehyde at 2 days after irradiation at 5Gy and harvested.
Immunoprecipitation was performed with protein A-agarose for
1 hour. DNA was purified from the immunoprecipitates using the
PCR purification kit (Qiagen, Chatsworth, CA). Real-time qPCR was
performed with the purified DNA to detect the promoter fragments
of Gp91, p47, Noxo1, and Lpo using LightCycler 480 (Roche,
South San Francisco, CA). As a negative control, we included
samples pulled down with IgG, which yielded no amplification.
qPCR readout was normalized relative to the amount of amplifi-
cation from input. The sequences for the PCR primers are
available on request.
Western blotting
Whole-cell extracts from the cultured cells were isolated using
the lysis buffer (1% Triton X-100, 20mM Tris-HCl, pH 7.5,
150mM NaCl, 1mM EDTA, 1mM EGTA, 2.5mM sodium pyro-
phosphate, 1mM b-glycerophosphate, 1mM sodium orthovanadate,
1mg per ml phenylmethanesulfonylfluoride). Whole-cell extracts
were then fractionated by SDS-PAGE and transferred to immo-
bilon protein membrane (Millipore). The membranes were incu-
bated successively with the primary and the secondary antibodies
as indicated above, and exposed to the chemiluminescence
reagent (Amersham Pharmacia Biotech, Piscataway, NJ) for signal
detection.
Reverse transcription qPCR
Total RNA was isolated from the cultured cells using the RNeasy Mini
kit (Qiagen). DNA-free total RNA (5mg) was dissolved in 15ml H2O,
and the reverse transcription reaction was performed in the buffer
containing 300U Superscript II (Invitrogen), 10mM dithiothreitol,
0.5mg random hexamer (Promega, Madison, WI), and 125mM dNTP
mixture (Promega). qPCR was performed in triplicates for each sample
with LC480 SYBR Green I master using universal cycling conditions
using LightCycler 480 (Roche). The primer sequences were obtained
from the Universal Probe Library (Roche), and the sequences will be
available upon request. Second derivative Cq value determination
method was used to compare the fold differences.
Determination of intracellular ROS levels
Cells were stained with CM-H2DCFDA (Invitrogen), a fluorescent
marker of intracellular ROS. Fluorescence intensity was
quantitatively determined by FACScan using Cellquest software
(Becton Dickinson, San Jose, CA).
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Assay of DNA repair activities
In vitro DNA end-joining reactions were performed with 1 mg whole-
cell extract as described elsewhere (Shin et al., 2004). Briefly,
pCR2.1-TOPO plasmid (Invitrogen) was linearized with either EcoRI
or EcoRV to create cohesive and blunt DNA ends, respectively.
The linearized plasmids were then incubated with whole-cell
extract for 2 hours at 37 1C to allow DNA end joining to occur.
Subsequently, the efficiency of DNA end joining was determined
by PCR amplification.
Neutral CometAssay was performed to detect DNA DSBs using
the CometAssay kit (Trevigen, Gathersburg, MD) according to the
manufacturer’s guidelines. NHK/B0 and NHK/Bmi-1 cells were
exposed to 5Gy IR and harvested at 5 and 12 hours after irradiation.
The cells were electrophoresed in the CometSlides and stained with
SYBR Green I (Trevigen). Degree of DNA damage was compared in
the groups by measuring the tail lengths with Aperio’s ImageScope
(Aperio Technologies, Vista, CA).
Chromosomal DNA DSB repair was assayed by PFGE. Cells were
exposed to 60Gy IR and harvested at 2, 4, 6, 8, and 24 hours after
irradiation. Agarose plugs containing the irradiated cells were
prepared in 2% clean-cut agarose (Bio-Rad, Hercules, CA).
Using a CHEF DR-II PFGE system (Bio-Rad), the cells embedded
in the agarose plugs were electrophoresed to separate the
chromosomal DNA-bearing DSBs from the plugs. Upon completion
of PFGE, the DNA streaks were visualized by ethidium bromide
staining.
We also evaluated the occurrence of g-H2AX foci in the
irradiated cells by immunofluorescence staining. The irradiated cells
were fixed in 3.7% formaldehyde for 15minutes before being
washed three times in phosphate buffered saline and permeabilized
in 0.25% Triton X-100 in phosphate buffered saline for 10minutes.
Mouse monoclonal anti-g H2AX (Millipore) and Alex Fluor 488 goat
anti-mouse IgG (Invitrogen) were used as primary and secondary
antibodies, respectively. Images were obtained using Olympus BH2-
RFCA fluorescence microscope (Center Valley, PA).
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